Domestic ducks are considered to have been tamed from the mallard or a descendant 20 of the mallard and the spot-billed duck. Domestic ducks show remarkable phenotypic 21 variation in morphology, physiology and behaviour. However, the molecular genetics 22 of the origin and phenotypic variation of ducks are still poorly studied. 23 Here, we present mallard and spot-billed genomes and perform whole-genome 24 sequencing on eight domestic duck breeds and eight wild duck species. Surprisingly, 25 analyses of these data support a model in which domestic ducks diverged from their 26 closest wild lineage (mallard ducks and spot-billed ducks) at the last glacial period 27 (LGP, 100-300 kilo years ago (Kyr)). The wild lineage further speciated into mallard 28 ducks and spot-billed ducks approximately 70 Kyr, whereas the domestic lineage 29 population decreased through the LGP. A scan of wild duck genomes compared with 30 domestic duck genomes identified numerous loci that may have been affected by 31 positive selection in ancestral wild ducks after their divergence from domestic 32 lineages. Function analyses suggested that genes usually affecting organ development 33 and energy metabolism may involve long-distance flight ability. Further selective 34 sweep analyses identified two genes associated with egg production and three genes 35 related to feeding modulation under selection in domestic ducks. These analyses 36 unravel a distinct evolutionary pattern of ducks and two wild duck de novo genomes, 37 thus providing a novel resource for speciation studies.
Introduction 42
Domestication and speciation (or population divergence) has drawn a lot attention in 43 evolutionary studies especially since the emergence of new genomic methods with the 44 For the a i simulation, SNPs frequency of mallard, spot-billed and other 8 domestic 142 populations were obtained from each of the 10 VCF files, then combined by using a 143 way like outer join of SQL. (i.e. include SNPs that were monomorphic within one 144 population but variable in their combined samples (10 populations); SI Appendix). 145 After LD pruning, We then inferred ancestral alleles by using Muscovy ducks and 146 Taihu geese as outgroups using the following thresholds: (1) more than 30-fold 147 coverage when SNP fixed in Muscovy or both outgroups; and (2) the both outgroups 148 were fixed the same directions. Subsequently, we quantized the frequency of each 149 SNP of 8 domestic duck populations into one population and simulated the divergence 150 among spot-billed, mallard and "domestic" ducks using split without migration, split 151 with migration and IM models with 50 bootstraps each (SI Appendix 4.6). Nref was 152 calculated with the following format: 153 ; and L represents the length of the SNPs from and 154 diluted by the rate of SNP sampling. 155 In both PSMC (Li & Durbin, 2011; Lohmueller, Bustamante, & Clark, 2010) and 156 a i simulations, We assumed that the mutation rate per year was 9.97e-10 and the Positive selection in early ancestors of mallard and spot-billed ducks 160 To detect selection that occurred in early wild duck lineage (mallard and spot-billed) 161 after their divergence with the domestic lineage, we used a method derived from 162 (Green et al., 2010) that is particularly suited to detect older selective sweeps during 163 or shortly after divergence. We selected SNPs that derived allele existed (including 164 fixed) in mallard or spot-billed. Ancient sweeps were enriched mainly through 165 searching for genomic regions with dearth of derived allele shared with domestics 166 among wilds. (i.e. selected and linked SNPs reached high frequency to fixed. Whereas 167 the allele frequency spectrum of those regions will be recovered by wild duck alleles, 168 that is not shared with domestic lineages, with frequency spectrum towards normal to 169 higher frequency since age old). This method will naturally disregard regions of 170 recent selection or purifying selection in wild because those regions with derived 171 allele skewed towards lower frequency wild alleles and making lower predicted 172 domestic frequency thus leading weak signal (SI Appendix). 173 We calculated the derived allele frequency of 18,083,967 selected SNPs in both the 174 wild and domestic lineage. As expected, they were highly correlated ( 
185

RESULTS
186
We report high-quality drafts of the mallard and spot-billed and compare them to the 187 genome of Beijing ducks and other birds (Table 1; 200 We explored the genetic relationships of domestic and wild ducks by performing a . These findings suggest that the mallard and spot-billed have a 208 closer genetic relationship with domestic populations than other wild species. 209 We then asked whether domestic ducks originated from the mallard or the 210 descendants of the mallard and spot-billed ducks. We performed a 3-population test 211 for admixture by taking the mallard and spot-billed as ancestral populations and Rodgers, 1999) . Surprisingly, this effort obtained significantly 215 positive scores for these four groups (f3=0.007279, Z score=23.834; Table S11 ) that 216 did not demonstrate that domestic ducks were descendants of the mallard and spot-217 billed ducks. However, the mallard specific SNPs (polymorphism present only in 218 mallard and ancestral allele fixed in spot-billed) and spot-billed specific SNPs were 219 almost equally distributed into each of the 8 domestic breeds, which implied equal 220 closely kinship ( Fig. S12b ). 221 We further performed genetic structure analysis to estimate ancestry among 222 individuals of the four populations (Beijing, Shaoxing, mallard and spot-billed) with 223 K (the number of ancestry components) ranging from two to seven (Alexander, 224 Novembre, & Lange, 2009). This analysis indicated that domestic ducks had a 225 homogeneous genetic background, whereas wild ducks showed a heterogeneous 226 genetic background; this outcome is consistent with the PCA (Fig. 1a, d ). However, 227 the wild ancestor duck started to divide into mallard and spot-billed when K was 228 increased to four, and it followed the separation between the wild ducks and domestic As those SNPs that shared by the wild ancestors and domestic ancestors draft into 236 mallard and spot-billed specific SNPs equiprobably ( Fig. 1c; Fig. S12b ). Although the 237 resolution of IBS tree and genetic structure seems couldn't distinguish mallard and 238 spot-billed well, may due to their very recent divergence stage, overall analyses 239 indicated that they were monophyletic (SI Appendix 4.5.2; Fig. S13d ,S15b).
Domestic duck originated in a lineage distinct from the mallard and spot-billed
240
To further confirm the evolutionary relationships of mallard, spot-billed and domestic 241 ducks, we then randomly selected and polarized 20,333 unlinked SNPs from these 10 242 duck populations with two outgroups (Muscovy ducks) for a demographic simulation Table S12 , Fig. S16-18 ). Which further support that the ancestor of the domestic duck 253 split from the ancestor of mallard and spot-billed ducks before the two wild ducks' 254 divergence ( Fig. 1e ). As a i couldn't distinguish short-divergence from high- (Table S13) . Appendix) and highlighted 343 enriched categories related to 236 biological processes 308 (Table S14, S15). Interestingly, the most frequent categories were related to a series 309 of organs and systems, such as morphogenesis and development of the lung, heart, 310 metanephros, aortic and cardiac muscle and functions of the blood circulatory system, 311 respiratory system, peripheral nervous system and ventricular system development, 312 and rhythmic excitation ( Table 2) . Because long-distance flight requires adaptive 313 changes in body shape, energy metabolism and spatial navigation, we proposed that 314 the selection of genes associated with the above functions might have enhanced the 315 ability to fly long distances in the ancestor of mallard and spot-billed (SI Appendix). 316 We further investigated functions of genes in putative selective sweep regions by 
333
In addition, we examined the functional activity of four mutations located in introns,
334
UTRs (Untranslated Region) or downstream of EFNA5, ISL1 and MRPS27. Three of 335 the four sites with wild-type sequences showed significantly higher gene expression 336 than the domestic genotype in a luciferase activity assay ( Fig. 3d; Fig. S22 ; Table   337 S16).
338
Characterization on the genomic landscape of divergence between mallard and 339 spot-billed consistent with very recent speciation 340 We estimated that mallard diverged from the spot-billed approximately 70 Kyr using 341 two split models ( Fig. 2a-b ). This divergence time was consistent with a report Fig. 4; Fig. S24 ). For example, the level of these 364 parameters is significantly different between Z chromosomes and autosomes ( Fig. 4a; 365 Table S17 ). The nucleotide diversity and SNP density were reduced on the 366 differentiation islands of autosomes ( Fig. 4c-e ; Table S18 ; SI Appendix 4.7.1).
367
However, dxy was not elevated, and it was even reduced in most of the differentiation Fig. 4b; Fig. S24 ). 375 To detect genomic regions under domestic selection, we searched the duck genome Table S19 , S20), which may attribute to the long time difference in 384 evolutionary history since their split (100-300 Kyr). Therefore, we focused on these 385 137 regions with extremely low levels of Hp (average length=63.6230 kb, average 386 Hp=0.2100 for autosomes, 0.2470 for sex chromosomes) (SI Appendix). We found 387 that 131 genes and 289 miRNAs were contained in 80 of these CDRs while 47 genes 388 were closest to one of the 33 CDRs when we extended 180 kb both upstream and 389 downstream of these 57 CDRs containing no annotated protein coding genes (Table   390 S19, S21). Further GO analyses indicated that 162 genes in or closest to these 137 391 CDRs were enriched for 145 biological process categories (p-value<0.05), which 392 represented developmental signalling; the nervous system; lipid, carbohydrate and 393 protein metabolic processes; cell division; and immune responses (Table S22) . Table S19 , S21, S22).
374
Identification of selective sweep regions in domestic duck
401
Among these candidate domestication genes, we examined the functional activity of 402 two mutations located in the introns of GRIK1 and LYST. The domestic genotype of 403 the LYST mutation showed significantly higher gene expression acidity than the wild 404 genotype in a luciferase activity assay ( Fig. 3d ; Table S16) 405 Absence introgression evidence of mallard and spot-billed further support their 406 shallow divergence may not confounding by cross hybridization 407 Although introgression has been considered in our previous analyses and unlikely 408 affected our inference, the Anseriformes is known for its propensity to interspecific 409 hybridize. To further investigate the evidence of introgression between mallard and 410 spot-billed we stratified the genomic divergence values of each window by ΔDAF (or 411 absolute ΔDAF) (derived allele frequency difference between the two populations) . Therefore, we may expect lower divergence 416 values in these higher ΔDAF (absolute ΔDAF) bins because they represent a higher 417 probability of introgression. We did find decreased genetic distance (FST, dxy) 418 between mallard/spot-billed and domestic ducks in higher ΔDAF bins (Fig. S30a) . 419 However, both the FST and dxy values between mallard and spot-billed ducks 420 increased with the ΔDAF (Fig. S30a blue lines) . This observation found that evidence 421 of introgression present between wild and domestic but not found between mallard 422 and spot-billed. Furthermore, we found that the mean ΔDAF value did not show a 423 significant difference between high differentiation regions and genomic background; 424 this finding is consistent with recent research showing that gene flow is not the major 425 factor in the formation of genomic islands (Table S23 ) . 426 To further decipher the introgression effect and its influence on the evolutionary 427 relationship inference of the domestic duck and the two wild ducks, we performed an 428 ABBA-BABA test (assuming that the mallard, spot-billed, and domestic duck are P1, 429 P2, and P3, respectively) using the Muscovy duck as an outgroup. The analysis 430 suggested that the genetic relationship between mallard and spot-billed ducks are 431 closer than it between the two wild species and the domestic duck (Fig. S31a) . And 432 we also found evidence of gene flow between the domestic and wild ducks that are all 433 consistent with the above analysis (D-statistics: -0.2972; jackknife std: 0.4189; Fig.   434 1d, Fig. S15 ). To investigate whither gene flow has its effect on this phylogenetic tree, 435 we used ΔDAF to test whether is there evidence that the sharing of this derived allele 436 is caused by introgression. We stratified the number of BBAA (ABBA, BABA) sites is partly due to introgression. This finding was consistent with previous analysis (Fig.   450 1d; Fig. S30 ). Whereas the distribution of the BBAA proportion across ΔDAF bins 451 showed a different pattern than the BBAA rate, which showed only a small difference 452 across ΔDAF bins, indicating lack of introgression between mallard and spot-billed 453 ducks, and implying that the major reason for excessive derived allele sharing is due 454 to phylogeny rather than introgression (Fig. S31b) . (Fig. 4b) ). Furthermore, a i and PSMC analyses that (Armistead, 2014; Roff, 1994; Vargas, 2015) . Most extinct birds are flightless 499 might be the interpretation for the decline of domestic lineage and the maintain of 500 wild population, especially when whether the domestic ducks lost flight or not 501 successfully acquire it remain unclear (Fig. 2d ).
502
Additionally, we found that duck domestication was accompanied by selection at 503 genes affecting neuronal activities (e.g., SH3GL2 (Wang et al., 2013) ) and lekking 504 behaviour (e.g., HEXB, B4GALT1 and HSD17B4). Moreover, genes associated with 505 lipid, carbohydrate, and protein metabolic processes and food intake control were 506 under selection (e.g., RMI1, MRAP2 and MC4R (Rubin et al., 2012) ). In summary, an 507 adaption to food-rich and artificial feeding environments with the development of 508 agriculture may have contributed to duck domestication.
509
In addition, the rapid speciation in mallard and spot-billed, which demonstrates that 510 speciation may occur within only 70 Kyr, provides an excellent resource for 511 speciation studies. All "divergent peaks" located in scaffolds homologous to the 'Z' difference between π and the expectation of π, which is related to the number of SNPs 523 (Misawa & Tajima, 1997) . Due to the short divergence time, the mallard and spot-524 billed did not deposit many new mutations that increased population mutation rate 525 (θw) after selection (new mutations increase diversity at a low frequency thus would 526 mainly increase the θw rather than nucleotide diversity (π) to reduce the Tajima' D).
527
Thus, the results in the allele frequency spectra did not skew towards rare alleles, 
532
In the end, we argue that our article has presented a distinct genetic resource between 533 wild and domestic ducks. We also note that evidence in the genetic structure showed 534 that mallard and spot-billed (especially the spot-billed duck) have interspecific 535 similarities to domestic ducks ( Fig. 1d and Fig. S15; especially when K=3,4 ). This 536 finding may pose a significant threat to the genetic diversity of wild stocks. 
